With the emergence of top-down proteomics, the ability to achieve high mass measurement accuracy on tandem MS/MS data will be beneficial for protein identification and characterization. (FT-ICR) Fourier transform ion cyclotron resonance mass spectrometers are the ideal instruments to perform these experiments with their ability to provide high resolution and mass accuracy. A major limitation to mass measurement accuracy in FT-ICR instruments arises from the occurrence of space charge effects. These space charge effects shift the cyclotron frequency of the ions, which compromises the mass measurement accuracy. While several methods have been developed that correct these space charge effects, they have limitations when applied to MS/MS experiments. It has already been shown that additional information inherent in electrospray spectra can be used for improved mass measurement accuracy with the use of a computer algorithm called DeCAL (deconvolution of Coulombic affected linearity). This paper highlights a new application of the strategy for improved mass accuracy in tandem mass analysis. The results show a significant improvement in mass measurement accuracy on complex electron capture dissociation spectra of proteins. We also demonstrate how the improvement in mass accuracy can increase the confidence in protein identification is a unique technique with its ability to provide simultaneous high resolution, sensitivity, and accurate mass measurements. However, the mass accuracy of FT-ICR is known to be compromised by the influence of space charge effects [2-4], which arise from the Coulombic interaction of trapped ions in the ICR cell. The measured quantity in FT-ICR MS is ion cyclotron frequency. Space charge effects resultant from ion-ion repulsion can produce a systematic shift in the observed cyclotron frequencies. If unaccounted for, these shifts in cyclotron frequency severely degrade mass measurement accuracy. Ion cyclotron frequency and m/z are related by eq 1, and perturbations in the observed cyclotron frequency will correspond to a shift in the m/z value. The relationship between m/z, charge state, and frequency is
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where (m/z) n is the observed mass-to-charge ratio, n is the number of charges, M is the molecular weight of the analyte being measured, M c is the mass of the charge carrier, k is a proportionality constant relating m/z to the magnetic field B, and f n is the cyclotron frequency. The magnitude of the frequency shift depends on the changes in the total ion population in the ICR cell during experimental conditions, as compared to the total ion population present during calibration [4] . The frequency shift is constant to a first order approximation across the entire spectrum, in that all ions are shifted by the same amount in frequency space. With a larger number of charge states with increased intensity, possible higher-order non-linear frequency shifts can occur. The systematic shift in ion cyclotron frequency can be expressed by eq 2 where f is the expected cyclotron frequency and ⌬f is the frequency shift that is resultant from the imposed space charge effects.
A number of different calibration functions that convert the ion cyclotron frequency to m/z have been developed [3, 5] . Space charge effects limit the mass accuracy and have spurred an active area of research to correct for and reduce this phenomenon. There have been a few methods developed to correct for space charge effects to obtain more accurate mass measurements, while others have reduced the presence of space charge effects by controlling the number of ions that are trapped in the ICR cell [6, 7] . Burton et al. [8] developed a method based on the addition of an internal standard after the initial calibration. Since the frequency shift is constant across the entire spectrum, the added standard will encounter the same shift in frequency space as all the other trapped ions. The frequency shift of the standard can be determined by the difference in observed and expected m/z of the added standard. This frequency shift is then applied to all ions present in the ICR cell to obtain improved mass accuracy. Another method developed by Easterling et al. [4] shows that space charge effects can be corrected with a calibration expression that relates the trapped ion population in the ICR cell during calibration to the trapped ion population during the experiment, through a shift in frequency. A third method called Deconvolution of Coulombic Affect Linearity (DeCAL) developed by Bruce et al. [9] corrects for space charge effects in spectra that contain multiply charged ions. This method relies on a computer algorithm that aligns the deconvoluted isotopic distributions of multiple charge states of the same molecular species. Improved mass accuracy was demonstrated by iteratively shifting the entire frequency-domain spectra prior to deconvolution. This is done without knowing any other parameters, such as exact molecular weight, ion abundances, or the identity of the species.
Mass accuracy is a critical feature in the emerging field of proteomics. Proteomics can be defined as the effort to establish identity, structure, and function of all proteins present in the organism, and how these can change in time, space, and other conditions. A newer approach to proteome analysis with mass spectrometry called "topdown proteomics" [10 -12] , aims to combine protein identification with protein characterization, and locate post-translational modifications (PTMs) present on the proteins. PTMs are important to biological systems because they can change the structure and regulate the functionality of proteins. To determine sequence and PTM sites, proteins have traditionally been proteolytically digested prior to mass spectral analysis. However, some of these PTMs are labile and dissociate easily from the parent ion when performing tandem MS/MS techniques such as CAD (collisionally activated dissociation) or IRMPD (infrared multiphoton dissociation). These methods can potentially lose information on some PTM sites. A unique new dissociation method pioneered by McLafferty et al. called Electron Capture Dissociation (ECD) [13, 14] gives a larger number of fragments and sequence coverage than the previously mentioned fragmentation techniques, while preserving labile PTMs intact on the fragment ions [15] [16] [17] [18] . This technique offers the capability to locate PTMs from the intact protein without first having to digest the protein. Currently ECD is only compatible with the FT-ICR mass spectrometer [19] . Although Electron Transfer Dissociation (ETD) reported recently by Hunt et al. [20] , enables similar fragmentation pathways to be observed with other types of mass spectrometers, FT-ICR instrumentation uniquely allows simultaneous high resolution, mass accuracy, and sensitivity for complex spectral interpretation. The advantage that high mass accuracy offers to proteomics is its ability to identify and unambiguously confirm protein identification through the production of sequence tag information, and peptide or fragment masses when dealing with the top-down approach.
When analyzing proteins through the bottom up approach it is possible to identify a protein based only on a few peptide masses, when these masses are searched against a database. The number of peptide masses required for positive identification of a protein is decreased as the mass accuracy increases [21] [22] [23] . It has been shown that with adequate mass accuracy and additional constraints, it is possible to identify a protein with just one peptide mass [23] . There have been a number of different search tools designed to deal with this type of bottom up analysis of proteins. The same idea applies when dealing with MS/MS fragments of whole proteins instead of peptides; as the mass accuracy of the measurement increases, the number of fragment masses needed to identify a protein is decreased. High mass accuracy will prove to be advantageous when doing chromatographic runs of whole proteins which are heavily modified or when there are multiple proteins present. Since the mass accuracy in ICR technology can be limited by space charge effects, a method to correct for space charge effects in tandem MS/MS experiments to obtain high mass accuracy is needed. Furthermore, the number of ions entering the mass spectrometer during a chromatographic run can vary greatly which will lead to mass errors associated with space charge effects since the number of ions entering the ICR cell is not constant. There have been many research efforts designed to circumvent this problem and obtain high mass accuracy in tandem MS/MS ICR experiments [24 -28] . Efforts have also been made to control the number of ions entering the ICR cell; the development of automated gain control limits the need to correct for space charge effects by routinely allowing the same total ion population to enter the ICR cell [6, 7, 29] . However, during ECD and top-down experiments it is desirable to obtain a large parent ion population in the ICR cell. This is because of the lower efficiency of the dissociation process and the large number of possible fragmentation pathways that result in an increased production of lower intensity fragment ions. If a smaller population of precursor ions is used for dissociation, the fragment ions that form to a lesser degree are lost in the noise and not detected. Also, the parent ion population is often not the same as the total ion population after dissociation because of the charge reduction processes that can take place during ECD. Thus, controlling the ion population by limiting the number of ions in the ICR cell can be problematic when doing ECD experiments. Finally, correction of space charge effects with an internal calibrant for MS/MS experiments adds additional complexity to the experiments, such as the need to inject the calibrant species along with the MS/MS fragment ions into the ICR cell. In dissociation spectra such as those resultant from ECD, there are a large number of peaks with a wide range of charge states. This makes the detected time-domain signal more complex due to the amount of constructive and destructive interferences [30, 31] . The complexity affects the peak intensities in such a way that the summation of the peak intensities may no longer reflect the total ion intensity in the ICR cell [32] . During MS/MS experiments there are a wide range of fragment masses that are formed. The calibration procedure works best when it is possible to accurately determine the exact ion intensity and works best for high mass species when the m/z of the calibrant is matched to the analyte [32] . DeCAL only requires that multiple charge states of the same molecular species be present in the spectrum; therefore it will only work with multiply charged ions. During MS/MS experiments there is usually only one charge state that is selected for dissociation. However, for highly charged ions, these species often dissociate in such a way that there are multiple charge states of the same molecular fragment produced. When intact protein ions are analyzed by electrospray and ECD they dissociate to produce many charge state pairs, thus allowing the opportunity for space charge effect correction with DeCAL. The advantage that DeCAL provides is that everything that is needed to correct for space charge effects is inherent in the spectrum. The correction is done through post processing and can be done without any further manipulation of the ion population or previous knowledge of the species being analyzed.
Experimental
Ubiquitin (MW avg ϭ 8565Da) and horse myoglobin (MW avg ϭ 16952Da) were dissolved in a solution of 49:49:2 by volume of water, methanol, and acetic acid and diluted to 10uM. Electrospray was used as the ionization source. The voltage on the capillary was set between Ϫ2050V and Ϫ2350 V. A syringe pump used to introduce the solutions was set between 15-25 uL/h. A Bruker Daltonics Apex-Q 7T FT-ICR mass spectrometer (Billerica, MA) was used to acquire the mass spectral data using Xmass as the data acquisition software program. The instrument was externally calibrated using ubiquitin a few days prior to the collection of data presented here. However, careful adjustments of trapped ion population sizes present during data acquisition to match those that were present during calibration was not performed. Therefore, the observed uncorrected error is not what one might expect from a high performance mass analyzer operated under carefully controlled conditions. The ions enter the instrument through a glass capillary and then pass through a hexapole followed by a quadrupole then a second hexapole. The quadrupole was used to select the specific m/z ions of interest to be fragmented (11ϩ for ubiquitin, 16ϩ for myoglobin). These ions were accumulated between 1 to 2 s in the second hexapole to acquire sufficient ion population for ECD. The ions were then transported to the ICR cell using electrostatic focusing. The ions were trapped in the ICR cell using a low energy sidekick potential to keep the ions close to the central z-axis of the cell. Electron capture dissociation was performed using a heated cathode dispenser located outside the ICR cell to obtain the MS/MS data. The cathode dispenser was heated with 1.6 to 1.8 A and held at approximately 5 to 6 V. The electron injection time was set at 1.0 -3.0 ms, the potential on the solid cathode dispenser was set at Ϫ7.5 to Ϫ15 V. The spectra were obtained by signal averaging 65 scans. All data sets acquired were 512 k points. Data were interpreted with aid of the computer program ICR-2LS [33] . The calibration function that was used to convert ion cyclotron frequency to m/z values is written as a variation of eq 2 and represented by eq 3, where A and B are calibration constants, and f is the measured cyclotron frequency.
The data sets were apodized using the Welch apodization function and zero-filled twice before Fourier transformation to the frequency domain. The DeCAL program used to correct for the frequency shift in the tandem MS/MS data is a module written within ICR-2LS. The monoisotopic masses of the fragment ions from the spectra were entered into the web based software and database tool called ProSight PTM, designed by Kelleher et. al. [34] to specifically deal with the characteristics of the top-down proteomics approach. To compare the effects of identification of a protein using fragment masses from ECD data, monoisotopic masses of the fragment ions with and without the use of DeCAL were entered into the ProSight PTM program.
Results and Discussion
When two charge states of the same molecular species are deconvoluted and overlaid, optimum overlap occurs when the observed frequency shift is equal to the shift resultant from space charge effects. Here our assumption is that the frequency shift is a constant value across the entire spectrum, which seems to be true at least to a first order approximation. However, De-CAL or derivatives of this approach can also account for more complex non-linear shifts. This requires that sufficient charge states exist in the spectrum to allow functional characterization of non-linear shifts. A constant shift in frequency space causes different m/z values to be shifted to slightly different degrees in the mass domain causing the two deconvoluted isotopic distributions of the same molecular species to not overlap exactly as would be expected. The two isotopic distributions are expected to overlap exactly when deconvoluted because they have the same molecular composition. DeCAL shifts the original frequencydomain spectrum in an iterative fashion in frequencyspace until the resultant two deconvoluted isotopic distributions overlap in the mass-domain. Importantly, when the two isotopic distributions converge, they do so in alignment with the theoretical isotopic distribution as can be seen in Figure 1 . In this figure, the theoretical isotopic distribution of ubiquitin is shown, along with deconvolved isotopic distributions resultant from the 8ϩ and 7ϩ charge states of ubiquitin. Initially, the two isotopic distributions do not overlap extremely well. As the two isotopic distributions are shifted in frequency space they begin to merge together and do so in good agreement with the theoretical isotopic distribution. The error between the deconvoluted isotopic distributions is minimized at the same time that the alignment with the theoretical distribution (which is not normally known, but shown here for illustrative purpose) becomes optimal. When the two deconvoluted isotopic distributions overlap, the shift in frequency is equal to the frequency shift due to the space charge effects. DeCAL acts as a correction process for space charge effects resultant from Coulombic interactions. However, it should be noted that this correction process will be ineffective if the instrument is initially poorly calibrated. ECD was performed on the 11ϩ charge state of ubiquitin (Figure 2) , and the resulting fragment ion peaks within 100 ppm error range were identified using ProSight PTM. The average mass error in the spectrum without correction for space charge effects was 53 ppm. While better than data from some MS/MS instruments, these results do not match the performance in mass accuracy that is expected from a FT-ICR instrument. It should also be noted that much better performance Figure 1 . The deconvoluted isotopic distributions of the 8ϩ and 7ϩ charge states of ubiquitin are overlaid. The spectrum on the left is with no correction of frequency. The expanded region reveals that the two isotopic distributions do not exactly overlap. The theoretical isotopic distribution is also displayed. The spectrum on the right is after the application of DeCAL. Here the isotopic distributions overlap much better, and as the isotopic distributions converge they do so in good agreement with the theoretical isotopic distribution. could have been obtained through careful calibration and matching of total ion populations. This example is used to show the utility of DeCAL to correct space charge effects when the ion populations are not matched. In the absence of sophisticated "automated gain control" type experiments, this mismatch of ion population sizes is very likely in LC/MS or LC/MS/MS experiments. Fortunately, space charge effects result in a systematic error in which a constant offset is applied to all frequencies in the spectrum. Plotting the error in ppm of the identified peaks in the spectrum versus m/z as seen in Figure 3 , gives a visual indication of the systematic error that occurs. As the m/z value increases, the error also increases in a linear fashion. This increase in error as the m/z increases is expected based on the inverse relationship between m/z and cyclotron frequency as seen in eq 1. As the m/z value increases, the frequency decreases. Thus, for a constant frequency offset, the higher m/z (lower frequency) will exhibit a larger relative shift in frequency and be shifted to a greater extent in the mass-domain than the lower m/z (higher frequency) ions. DeCAL was then applied to the same set of acquired data to correct space charge effects. No knowledge of the ion identity or ion abundance was used. A plot of resultant error in ppm of the identified fragment ions versus m/z is shown in Figure 4 . This figure shows substantial improvement in error and the feasibility of correction for this type of systematic error in MS/MS spectra. The plotted error points no longer have a linear trend of increasing error, which shows that DeCAL has virtually removed the systematic error.
After applying DeCAL to the data, the average error in ppm decreased to less than 2 ppm which is greater than a 30-fold improvement. Thus, DeCAL has the capability of correcting space charge effects in tandem MS/MS experiments used for top-down proteomics. During the experiment, the 11ϩ charge state of ubiquitin was isolated using the mass selective quadrupole. These ions were then dissociated inside the ICR cell by ECD to give an array of charge states that ranged from 11ϩ to 1ϩ. When the ions dissociated, a large number of isotopic distributions resulted, some of which were the same molecular fragment but with different charge states. This production of charge state pairs is common with dissociation of highly charged precursor ions, and is advantageous since DeCAL relies on charge state pairs to perform its calculations for correction. Within the ubiquitin spectrum, the program was able to locate eleven charge state pairs, and these charge state pairs were used to perform DeCAL. The induced frequency shift for the data set was determined to be 6.03 Hz. The application of DeCAL to MS/MS data is useful for the top-down proteomic approach. The increased mass accuracy is useful when analyzing fragment masses to determine the identity and possible PTM sites. The data collected from the ECD spectrum of the 16ϩ charge state of horse myoglobin ( Figure 5 ) was Figure 4 . The error associated with the identified isotopic distributions of the fragment ions produced from ECD of the ubiquitin 11ϩ ions following the application of DeCAL. The graph shows the correction of the systematic error produced by space charge effects. The average error in the fragment ion spectra after DeCAL application was 1.59 ppm. The cluster of misassigned peaks seen in Figure 3 are now shifted out of the 100 ppm search window. used in the database search to determine how the mass accuracy effects the ability to identify the protein based on the fragment masses. ECD produces primarily c and z· fragments when the parent ion dissociates, so the search was performed looking for these fragments. Without the correction of space charge effects, 50 monoisotopic masses were selected corresponding to the most intense isotopic distributions in the spectrum, and were entered into ProSight PTM. When setting the parameter for fragment mass tolerance to 25 ppm, there were 28 proteins that were identified as possible matches, none of which were myoglobin. After performing DeCAL and running the search at 5 ppm myoglobin is readily identified with a P-score of 8.1 ϫ 10 Ϫ48 . This P-score gives the probability of a match being a random event, so the lower the P-score the higher the confidence of the search [35] . The average error for the identified fragment ion peaks in the myoglobin raw data was 58.8 ppm. Figure 6 shows this substantial error. The error associated with the spectrum is not too surprising since the FT-ICR instrument was calibrated using ubiquitin, with a different set of parameters and different ion abundances in the ICR cell, a few days prior to obtaining the mass spectrum of myoglobin. Figure 7 shows how the error in ppm changes after the application of DeCAL on the same set of data. DeCAL indicated a frequency shift of 6.07 Hz and the average error dropped to 5.5 ppm, which is over a factor of 10 improvement. By statistically removing the two outliers, which can be seen in Figure 7 , the average error drops to 1.7 ppm which gives about another factor of 3 improvement.
The advantage that DeCAL offers when applied to MS/MS data for this type of analysis is to increase the confidence of obtaining positive protein identification. Ubiquitin was used to test how the probability of a random match is effect by mass accuracy. The top 50 most intense fragment masses from the spectrum were selected and entered into the database. The mass tolerance parameter in ProSight PTM was varied with and without the application of DeCAL (Table 1) . Without DeCAL, ubiquitin was not selected as a probable match until the mass tolerance parameter of the search increased to 35 ppm. At this tolerance, even though ubiquitin was selected as a probable match, it did not receive the lowest P-score of the proteins selected as a probable match. The probability of a match did not become significant until the mass tolerance was increased to 50 ppm, which is also close to the average error of the assigned isotopic peaks (53 ppm) in the data shown in Figure 3 . The probability that the identified protein was not a random event reached a maximum at 1.2 ϫ 10 Ϫ18 , at which the mass tolerance was set at 65 ppm. With the use of DeCAL, ubiquitin was detected with confidence within a mass tolerance of 5 ppm, with the probability of it being a random event being 9.8 ϫ 10
Ϫ43 . Table 1 shows the impact of database searching with and without the application of DeCAL. In Table 1 , the P-scores are lower with the application of DeCAL until the mass tolerance is set to 65 ppm, at which the two columns have equal P-scores. The reason is that at 65 ppm the same number of fragment ions have been assigned to ubiquitin for both cases. As the mass tolerance is allowed to increase to 100 ppm the P-score Figure 6 . The error associated with the identified isotopic distributions of the fragment ions produced from ECD of the myoglobin 16ϩ ion. The average error of the identified peaks in the spectra was 58.9 ppm. Figure 7 . The error associated with the identified isotopic distributions of the fragment ions produced from ECD on the myoglobin 16ϩ ion following the application of DeCAL. The application of DeCAL shows a dramatic effect on the distribution and average error in the spectra. The average error in the spectra decreased to 5.5 ppm. without DeCAL becomes less (more significant) than the P-score with DeCAL. The reason for this observation is that there are more peaks assigned to ubiquitin within that mass tolerance. As seen in Figure 3 there is a cluster of identified peaks that fall below the trend line formed due to the systematic error. These peaks are the result of the misassigned monoisotopic peaks in the ECD spectrum. All of the misassigned fragment ions were highly charged and of relatively low abundance so that the monoisotopic peak was not visible in the spectrum. These peaks were actually assigned to the correct fragment. However, since the algorithm misidentified the monoisotopic peaks, the error values from these fragments do not follow the observed trend. When the frequency shift is corrected, these peaks are shifted out of the 100 ppm error window and are not seen in Figure 4 . These possible misassigned peaks are taken into account when determining the P-score, which artificially causes the P-score of the uncorrected data to be better than it should be. With the use of DeCAL these possible misassigned peaks are outside of the search tolerance. The application of DeCAL allows the mass tolerance to be minimized, reducing the number of possible misassigned peaks that could possibly lead to incorrect protein identification, thus allowing greater confidence in identification of the intact protein.
DeCAL will be even more useful when identifying a protein with unknown modifications, where many of the fragment masses will have modifications associated with them. DeCAL should also prove useful when multiple proteins are present, as might be expected with chromatographic separation of large numbers of proteins. The P-score is based on the mass tolerance window, the number of identified fragments, and the number of masses being searched. Therefore, with multiple proteins present, many of the fragment masses will come from different proteins and the more masses searched that do not fit within the mass tolerance will lead to a higher the P-score. With the application of DeCAL, the mass tolerance range can be decreased which will lead to a decrease in the P-score and a more confident identification can be assigned. Increasing the mass accuracy will also help to find sites of PTM with higher confidence.
Conclusions
The high mass measurement accuracy in FT-ICR MS can be severely limited by space charge effects. These space charge effects present in tandem MS/MS experiments can be corrected with the application of DeCAL when total ion populations are not well matched with those encountered during calibration. This can be especially problematic in ECD experiments as normally these experiments are carried out with maximum trap capacity of the precursor, and result in variable amounts of product ions. However, ECD spectra often contain a number of charge state pairs that can be used for correction. The application of DeCAL results in an average error for tandem MS/MS data in the low ppm range, even when trapped ion populations are not carefully controlled. This improvement in mass accuracy allows one to accurately identify proteins based on accurate fragment masses. Without the use of DeCAL, our database search did not correctly identify myoglobin protein when the search mass tolerance was set at 25 ppm or better. With DeCAL application, we were able to identify proteins unambiguously with the mass tolerance set to much tighter constraints. These tighter search constraints yield much greater confidence in the search results. Additionally, the higher mass accuracy possible with DeCAL will be beneficial when analyzing complex protein mixtures. Finally, increased mass measurement accuracy will also likely allow more accurate determination of posttranslational sites from top-down proteomic studies.
